Fractionation of Saccharomyces cerevisiae postribosomal extract on DEAE-cellulose revealed two fractions of cAMP-dependent protein kinase (PKA-1 and PKA-2). The presence of PKA in both fractions was confirmed by immunoblotting with anti-Bcy1 antibodies. Yeast pyruvate kinase Pyk1 identified by amino acid microsequencing analysis and immunoblotting with anti-Pyk1 antibodies copurified with the PKA-1 but not the -2 fraction. Pyk1 can be phosphorylated by yeast PKA in vitro in the presence of cAMP and cGMP. Two-dimensional gel electrophoretic analysis revealed four phosphorylated forms of Pyk1 modified by PKA. In phosphorylation of Pyk1 mainly the Tpk2 catalytic subunit of yeast PKA was involved. ß
Introduction
The cAMP-dependent protein kinase (PKA) plays an important role in the regulation of a large number of physiological processes. In Saccharomyces cerevisiae, PKA is involved in the control of cell cycle progression, induction of thermotolerance, sporulation and survival during starvation conditions [1^3] . Among the proteins which are known to be phosphorylated by PKA in yeast there are enzymes engaged in carbohydrate metabolism such as trehalase [4] , phosphofructokinase-2 [5] , fructose 1,6-bisphosphatase [6] , glycogen synthase [7, 8] , and glycogen phosphorylase [9] .
The holoenzyme of PKA is composed of two catalytic (C) and two regulatory (R) subunits [10, 11] . In S. cerevisiae the catalytic subunits are encoded by the TPK1^3 genes [12] and the regulatory subunit by the single BCY1 gene [13, 14] . The regulatory subunit plays a major role in the regulation of protein kinase activity. In mammalian cells two isozymic types of regulatory subunits^RI and RII^were identi¢ed [10, 11] . They di¡er in their primary structure, cAMP binding kinetics, ability to undergo autophosphorylation and interaction with other macromolecules. The yeast Bcy1 protein is a type II regulatory subunit of M r 50 kDa [14^16].
Our long-standing observations indicated that during fractionation of native PKA from S. cerevisiae on anion exchange chromatography columns, a signi¢cant amount of the holoenzyme did not bind to the resin and was identi¢ed in the £ow-through material. We also noticed that a protein of 58 kDa, which we found to be PKA phosphorylation substrate, puri¢ed with this particulate enzyme fraction. In this paper we present results of our studies on the identi¢cation of this protein of 58 kDa.
Materials and methods

Strain and growth conditions
S. cerevisiae strains used in this study are listed in Table  1 . They were kindly provided by Maria J. Mazö n, Instituto de Investigaciones Biomedicas del C.S.I.C., C/Arturo Duperier no. 4, E-28029 Madrid, Spain. The cells were cultivated under aerobic conditions in YPD medium (1% yeast extract, 2% peptone, 2% glucose) at 28³C to the exponential growth phase.
Puri¢cation of yeast PKA
Postribosomal cell-free extracts were prepared in bu¡er A containing: 50 mM Tris^HCl pH 7.5, 6 mM 2-mercaptoethanol, 10 mM L-glycerophosphate, 1 mM phenylmethylsulfonyl £uoride (PMSF), 0.5 mM ethylenediaminetetraacetic acid (EDTA) as described previously [18] . Crude PKA preparation was obtained from cell-free extract by ammonium sulfate precipitation at 55% saturation. After overnight dialysis against bu¡er A, crude PKA preparation containing 572 mg protein was fractionated on a DEAE-cellulose (DE-52) column equilibrated with the same bu¡er. Proteins were eluted with a linear gradient of 0^0.4 M NaCl. Protein kinase activity stimulated by cAMP was found in the £ow-through fractions (designated PKA-1) and also in fractions eluting at 0.12^0.17 M NaCl (PKA-2). The £ow-through material was pooled, concentrated on polyethylene glycol 20 000 (PEG-20 000) and dialyzed overnight against bu¡er A. Then proteins (55 mg) were applied on a P-cellulose (P-11) column equilibrated with the above bu¡er. Proteins were eluted with a linear gradient of 0^0.5 M NaCl. PKA activity was found in fractions eluting at 0.1^0.22 M NaCl. The active fractions of PKA-1 (6.8 mg protein) were pooled, concentrated on PEG-20 000 and after dialysis against bu¡er B, containing 10 mM potassium phosphate pH 7.5, 6 mM 2-mercaptoethanol, 10 mM L-glycerophosphate, 1 mM PMSF and 0.5 mM EDTA, loaded on a hydroxylapatite Bio-Gel HTP column equilibrated with the same bu¡er. Proteins were eluted with a linear gradient of 10^300 mM potassium phosphate. PKA activity was recovered at 1702 80 mM potassium phosphate. The active fractions of PKA-1 (3.7 mg protein) were pooled, concentrated on PEG-20 000, dialyzed overnight against bu¡er A and stored in the same bu¡er containing 50% glycerol at 320³C.
PKA-2 preparation obtained after DEAE-cellulose was puri¢ed in parallel, using P-cellulose, hydroxylapatite and gel ¢ltration chromatography as described previously [18] . It is worth mentioning here that a protein of 58 kDa copuri¢ed with the PKA-1 fraction on all puri¢cation procedures used. This protein was, however, absent in the PKA-2 fraction.
The concentration of protein was estimated using the Bradford reagent (Bio-Rad).
PKA assay
The standard reaction mixture (50 Wl) contained: 20 mM Tris^HCl pH 7.5, 10 mM Mg(CH 3 COO) 2 , 5 mM 2-mercaptoethanol, 15 Wg protamine sulfate, 2U10
36 M cAMP or cGMP, 0.03 mM [Q-32 P]ATP (450 cpm pmol 31 ) and PKA-1 or PKA-2 fraction (2^10 Wg protein). After incubation at 30³C for 20 min the reaction mixture was spotted onto phosphocellulose ¢lter (Whatman P81) and washed three times in 15% acetic acid. The radioactivity was determined in a liquid scintillation counter. Autophosphorylation of PKA-1 and PKA-2 was performed in the above reaction mixture without exogenous protein substrate and in the presence of 0.09 mM [Q-
32 P]ATP. The reaction was stopped by the addition of 25 Wl of Laemmli sample bu¡er [19] . The autophosphorylation level was analyzed by SDS^PAGE and autoradiography.
For two-dimensional gel electrophoresis (IEF/SDSP AGE) the reaction of autophosphorylation was stopped by the addition of three volumes of cold acetone. Then samples were centrifuged and pellets of precipitated proteins were suspended in bu¡er containing 9 M urea, 65 mM dithiothreitol, 2% ampholines pH 3^10, bromophenol blue. Electrophoresis in the ¢rst dimension (IEF) was performed on Immobiline Dry Strips 110U3U0.5 mm pH 3^10 for 16 h using Multiphor II (Pharmacia). For the second dimension, Immobiline strips were subjected to 12% SDS^PAGE. Protein spots were silver-stained and phosphorylated forms were analyzed by autoradiography.
Immunoblotting
Samples of PKA containing 2^10 Wg of protein obtained as described above were subjected to 12% SDS^PAGE and electroblotted onto Immobilon membranes (Millipore) for 60 min at 150 V. For yeast PKA regulatory subunit identi¢cation, membranes were probed with polyclonal antibodies (1:1000) to Bcy1, a generous gift of Prof. Edwin Krebs, University of Washington, Seattle, WA, USA.
For identi¢cation of the 58-kDa protein, polyclonal antibodies to Pyk1 (1:30 000) (kindly gifted by Prof. Jeremy Thorner, University of California, Berkeley, CA, USA) were used for immunoblotting.
As second antibodies, alkaline phosphatase-conjugated goat anti-rabbit IgGs were used. Immunoreactive bands were visualized by incubation with p-nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate.
Microsequencing of 58-kDa protein fragment
After chromatography on hydroxylapatite PKA-1 (10 Wg protein) was subjected to 10% SDS^PAGE. Then proteins were electroblotted onto Immobilon PVDF membrane 
Results and discussion
When crude PKA preparations from S. cerevisiae (see Section 2) were fractionated on DEAE-cellulose, protein kinase activity stimulated by cAMP was found in the £ow-through material (PKA-1) and in the fractions eluting at 0.12^0.17 M NaCl (PKA-2) (Fig. 1) . Further steps of puri¢cation on P-cellulose and hydroxylapatite revealed that PKA activity of both obtained enzyme fractions can be eluted at the same salt concentrations (see Section 2).
As pointed out earlier only the type II regulatory subunit of PKA is present in yeast cells [14^16] . It is also known that only type RII but not type RI undergoes autophosphorylation. When the obtained PKA-1 and PKA-2 fractions were incubated with [Q-32 P]ATP without exogenous protein substrate addition and then analyzed by SDS^PAGE and subsequent autoradiography, phosphoprotein with a molecular mass of 50 kDa was detected ( Fig. 2A) . This protein was also recognized by polyclonal antibodies directed to the Bcy1 protein (Fig. 2B) . The molecular mass of the immunodetected protein and its autophosphorylation clearly indicate the presence of yeast PKA regulatory subunit in both PKA fractions. In the PKA-1 fraction in addition to the 50-kDa protein another phosphoprotein of M r 58 kDa is clearly visible (Fig. 2A) . We have found that this protein puri¢ed with PKA-1 during column chromatography on DEAE-cellulose, P-cellulose and hydroxylapatite. We have shown that phosphorylation of the 58-kDa protein by PKA can also be stimulated by cGMP. These results con¢rmed our earlier observations that native PKA from yeast can be stimulated by cAMP and cGMP [18] .
In order to identify the 58-kDa protein, a PKA-1 sample after hydroxylapatite chromatography was subjected to 10% SDS^PAGE and electroblotted onto Immobilon membrane. The protein band of 58 kDa was cut out and amino acid sequence analysis was performed by Edman degradation. The following 15-amino acid sequence was established:
N N V V A G S D L R R T S I I G. This sequence is identical with the N-terminal fragment comprising amino acids 11^25 of S. cerevisiae pyruvate kinase, Pyk1 (EC 2.7.1.40), the key enzyme of glycolysis, which is engaged in ATP formation.
When antibodies directed to the Pyk1 protein were used in the immunoblotting technique, a protein of M r 58 kDa was recognized, con¢rming the presence of pyruvate kinase in the PKA-1 fraction (Fig. 2C) . It is known that PKA phosphorylates serine or threonine residues, which are located in the (R/K)(R/K)X(S/T) consensus site, where X is any amino acid. Besides these`perfect' sites, PKA recognition sequences often contain only one basic residue at position 32 or 33 relative to the phosphorylated residue. Computer analysis of the S. cerevisiae Pyk1 amino acid sequence revealed eight potential PKA phosphorylation sites [21] .
Two-dimensional gel electrophoresis (IEF/SDS^PAGE) and subsequent silver staining revealed two forms of different isoelectric points of the 58-kDa protein (not shown). After in vitro incubation of the PKA-1 fraction with [Q-32 P]ATP in the presence of cAMP four phosphorylated Pyk1 forms were identi¢ed on the autoradiogram (Fig. 3) . At present, however, we cannot determine which putative phosphorylation sites are modi¢ed by PKA. Studies by Gygi et al. [22] and Pardo et al. [23] have also shown that yeast pyruvate kinase Pyk1 can exist in multiple forms. These and our results might indicate a possibility of posttranslational modi¢cation of the Pyk1 protein.
It is known that pyruvate kinase from animal cells can be phosphorylated by cAMP-dependent [24, 25] and -independent protein kinases [26, 27] . Phosphorylation of this enzyme by PKA inhibits its activity and is thought to be an additional mechanism of regulating the enzyme activity under gluconeogenetic conditions [28, 29] . As for S. cerevisiae, there are so far no publications concerning Pyk1 phosphorylation by PKA. Brazill et al. [30] have found that Mck1, a member of the glycogen synthase kinase 3 family, is a negative regulator of pyruvate kinase in the yeast S. cerevisiae.
Whether PKA participates in the in vivo Pyk1 functioning remains to be elucidated. From our preliminary experiments performed on S. cerevisiae disruption mutants (Table 1) we presume that Pyk1 can be phosphorylated mainly by PKA catalytic subunit Tpk2 but to a much lower extent by Tpk1 and Tpk3 (Fig. 4) . This, however, requires further studies. 
